Allogeneic mouse islets or xenogeneic rat islets, or fetal porcine islets were implanted under the renal capsule ofC57BL/6 mice either alone or carefully mixed with syngeneic islets. With this experimental model the syngeneic islets, although not rejected themselves, are exposed to cytokines and inflammatory mediators released during either allograft or xenograft rejection. No differences in insulin content could be observed between mixed islet grafts and pure syngeneic islet grafts 6 wk after transplantation. Neither was there any morphological evidence of a nonspecific destruction of syngeneic islets. These findings suggest that the mechanisms of both allograft and xenograft rejections are highly specific. The hormone release from the mixed syngeneic-allogeneic grafts was similar to that from pure syngeneic islet grafts. In contrast, a pronounced impairment of both the first and second phases of insulin release was observed 2 wk after implantation in mixed syngeneic-xenogeneic islet grafts. When perfusing the mixed islet graft after completed rejection of the concordant xenogeneic rat islets (6 wk after implantation), the insulin release from the remaining syngeneic mouse islets was identical to that of control grafts. However, syngeneic mouse islets exposed to the rejection mechanism of the discordant xenogenic pig islet-like cell clusters did not attain a complete functional recovery. (J. Clin. Invest. 1994. 93:1113-1119
Introduction
The immune response to allogeneically or xenogeneically transplanted tissues comprises both specific and nonspecific components. The latter mainly consists of the inflammatory reaction inflicted by the surgical injury associated with implantation. The specific allograft reaction, on the other hand, depends on an activation of both CD4' and CD8+ T lymphocytes ( 1 ) . Both indirect and direct pathways of antigen presentation can stimulate activation and proliferation ofalloreactive T lymphocytes directed against pancreatic islets (2). During these processes, a large number ofcytokines are released, which not only recruit immunocompetent cells into the graft, but also directly contribute to cell damage (3).
The predominant cell mediating xenogeneic cellular immune responses is probably the CD4+ T lymphocyte. This concept is based on the findings that mice treated with an anti-CD4 antibody do not reject xenogeneic skin (4) or islet grafts (5), whereas CD8 + T cell depletion before transplantation was virtually without any beneficial effect on graft survival. Immunosuppressive drugs that inhibit lymphocyte function or proliferation, can readily prevent allograft rejection, whereas they are unable to affect rejection of a cellular xenograft (6) . This discrepancy implies that different cellular mechanisms are operative in allograft or xenograft rejections, respectively (7, 8) .
Cytokines, especially IL-l and TNF, are known to impair islet ,B cell function in vitro, and to ultimately cause cell death (9) . Based on these observations, it has been proposed that cytokines released from activated macrophages within the pancreatic islets may cause a progressive p cell destruction, finally leading to insulin-dependent diabetes mellitus (IDDM)' (10) . However, this notion has been difficult to verify in vivo, since direct effects exerted by the cytokines are impossible to separate from effects induced by the immunocompetent cells. However, one possible model has been recently described by Sutton and co-workers, who used mixed syngeneic-allogeneic islet grafts ( 11 ). They concluded that there was an absolute specificity of the allograft rejection within the mixed islet grafts, without any associated destruction ofthe syngeneic islets. However, no functional evaluation of the remaining syngeneic islets was performed.
The aim ofthe present investigation was to study the specificity ofboth allograft and xenograft rejections. The experimental model with mixed islet-grafts may also show if cytokines released in vivo in the very close vicinity ofthe remaining syngeneic islets can induce a functional impairment similar to that observed in early phases of IDDM. For this purpose, syngeneic mouse islets were either transplanted alone, or carefully mixed with either allogeneic mouse islets or xenogeneic rat or fetal porcine islets. The functional capacity of the mixed islet grafts was characterized by perfusing the islet graft-bearing kidney, either during or after rejection. Insulin extractions and immunohistology were used for quantitative analysis of surviving islet /3 cells.
The specificity of both concordant and discordant xenograft rejections was found to equal that seen in allografts. However, the mechanisms mediating the xenograft rejection exerted an inhibitory effect on the glucose-stimulated insulin release from the remaining syngeneic mouse islets, which was not seen during allograft rejection. This effect is most likely mediated by products released from activated macrophages, and it resembles the impairment of / cell function seen in early phases of IDDM. Furthermore, the finding that syngeneic islets mixed with discordant xenogeneic porcine islets showed permanent functional impairment, whereas the syngeneic islets could recover completely when mixed with concordant xenogeneic rat islets, may indicate that xenogeneic rejections depend also on the phylogenetic disparity between donor and recipient species.
Methods
Animals. Male inbred C57BL/6 (B6) mice, 3-5 mo old, served as recipients in all experiments with the exception ofgroup E (see below), where athymic B6 nu/nu mice (Bomholdtgaard, Ry, Denmark) were used. Male and female inbred B6 and C57BL/Ks (BKs) mice bred at the Biomedical Center (Uppsala, Sweden), originally obtained from the Jackson Laboratory (Bar Harbor, ME), 3-5 mo old, were used as syngeneic and allogeneic islet donors. Male Sprague-Dawley rats from a local breeding colony at the Biomedical Center, weighing -300 g, were used to obtain rat islets for concordant xenogeneic transplantations. Fetal pigs served as donors for the discordant xenogeneic implantations. The pregnant sows were bred by a local farmer and were killed by means of a slaughtering mask on day 70±5 of pregnancy (term is 115 d). The fetuses were collected from the uterus, placed on ice, and transported to the laboratory. Porcine islet-like cell clusters were then prepared as described below. All rodents had free access to tap water and pelleted food (type R34; AB AnalyCen, Lidkoping, Sweden) throughout the experimental period.
Islet isolation and transplantation. Pancreatic islets from rodents were prepared by a collagenase (Boehringer Mannheim, Boehringer, Germany) digestion method ( 12) . Groups of -75 mouse or rat islets were cultured free-floating for periods ofeither 1-2 d (mouse) or 4-5 d (rat) in medium RPMI 1640 (Flow Laboratories, Irvine, United Kingdom) supplemented with 10% (vol/vol) calf serum (Statens Bakteriologiska Laboratorium, Stockholm, Sweden). The culture dishes were kept at 370C in a gas phase consisting of 5% CO2 in humidified air, and the culture medium was changed every second day.
Preparation and culture of fetal porcine pancreas has been described in detail ( 13) . Briefly, the pancreatic glands were minced into fragments with a size of 1-2 mm3. After 10 mg/ml collagenase -digestion (Boehringer Mannheim) during simultaneous vigorous shaking at 37°C for 8-10 min, the digest was washed and explanted into culture dishes allowing cellular attachment (Nunclon 90 mm 0; Nunc, Kamstrup, Denmark). During the first 24 h the culture medium consisted ofserum-free RPMI 1640 (I 1.1 mM glucose; Flow Laboratories) with addition of 10 mM nicotinamide (Sigma Chemical Co., St. Louis, MO). The cultures were then supplemented with 10% human serum (vol/vol) (The Blood Center, Huddinge Hospital, Huddinge, Sweden). The culture dishes were kept at 37°C in a gas phase consisting of 5% CO2 in humidified air, and the culture medium was changed every second day. On day 4 of culture, most of the islet-like cell clusters (ICC) were free floating or could be easily detached by gentle flushing with culture medium. Free-floating fragments with a diameter < 0.7 mm were considered to be ICC and were harvested without any further purification step.
At the time of transplantation, the islets or ICC were implanted through an incision in the left renal capsule of avertin-anesthetized normoglycemic B6 mice ( 14) . In some experiments (groups F-H below), islets from different donor species or strains were carefully mixed in a culture dish before transplantation. Islets were injected by means of a glass braking pipette, and the capsulotomy was left unsutured. A total ofeight recipient animal groups were designated as follows: Light microscopical examinations. Animals were killed 2 or 6 wk after transplantation. The transplant-bearing kidney was dissected free from blood vessels and fat. The islet graft, clearly visible as a whitish spot under the renal capsule, was excised with a margin of -3 mm, fixed in Bouin's solution, and embedded in paraffin. 7-Mm thick sections were stained with hematoxylin and eosin and examined in a light microscope. Some ofthe sections were stained for the presence ofinsulin by the peroxidase-antiperoxidase technique ( 15). Guinea pig antibodies against insulin were obtained from Bio-Yeda (Rehovot, Israel). The second antibody and peroxidase-antiperoxidase complex were from Dakopatts (Glostrup, Denmark). The specificity ofthe immunostaining was tested by omission of the primary antibody and by application of the primary antibody blocked with insulin.
Insulin and DNA contents ofthe islet grafts. These determinations were made only in animals killed 6 wk after transplantation. The graft was removed from the kidney as previously described ( 14), and sonicated in 200 Ml of redistilled water. Duplicate 25-MA samples were analyzed by fluorophotometry for DNA content ( 16, 17) . A total of 375 ;l acid-ethanol (0.18 M HCI in 95% (vol/vol ethanol) was added to the remaining homogenate. The samples were extracted overnight at 41C, followed by radioimmunological assay of insulin ( 18) .
Perfusion ofgraft-bearing kidneys. These studies were performed 2 or 6 wk after transplantation. The technique has previously been described in detail ( 14) . Briefly, the transplant-bearing kidney was removed together with parts ofthe aorta and inferior vena cava. Both the ureter and renal vein were cut, while the aorta was cannulated and infused with a continuously gassed (02/CO2 = 95:5) Krebs-Ringer bicarbonate buffer ( 19) supplemented with 2.0% (wt/vol) each of bovine serum albumin (Fraction V; Miles Laboratories, Slough, United Kingdom), Dextran T70 (Pharmacia Fine Chemicals, Uppsala, Sweden), and 2.8 or 16.7 mM D-glucose. The medium was administered at a rate of 1.0 ml/min without recycling for 65 min with a perfusion pressure of -40 mmHg.
The perfusion experiments started with a 20-min period using a medium containing 2.8 mM glucose, followed by 30 min with 16.7 mM glucose and finally 15 min with 2.8 mM glucose. A 1.0-ml sample of the effluent medium was collected every 5th min, except for the first 10 min of perfusion after medium changes when samples were taken after 1-5, 7, and 10 min. The insulin concentrations of these samples were measured by radioimmunoassay. The rate ofinsulin secretion was calculated by multiplying the insulin concentration in the sample by the flow rate, giving values expressed as nanograms of insulin per minute. The total stimulated insulin response to glucose of the grafts was obtained by planimetry of the areas for each individual perfusion curve. During perfusion with 16.7 mM glucose, areas were measured separately during the first 7 min and during the next 23 min to evaluate the first and second phases of insulin secretion separately.
Results
All animals tolerated the transplantation procedure without any signs of infirmity. The syngeneic grafts in group A could easily be identified macroscopically 2 or 6 wk after transplantation as an homogenous whitish spot under the renal capsule. In groups B, C, and D, only fibrous scar tissue could be seen at the site ofimplantation 6 wk after implantation, whereas in mixed islet grafts (groups F, G, and H), the islet tissue was scattered between strands of fibrotic tissue.
Light microscopical examination (Fig. 1 ). 2 wk after transplantation endocrine cells were seen in all animals implanted with syngeneic islets (group A). Immunohistochemical staining ofinsulin confirmed the presence ofa majority ofintensely stained insulin-positive cells. In a few transplants, mononuclear cells were seen in the area between the islet graft and kidney parenchyma. However, at no occasion were mononu- from animals receiving either allogeneic or concordant/discordant xenogeneic islet grafts (groups B, C, and D) displayed an intense mononuclear cell infiltration, which completely covered the transplant. Also necrotic areas were regularly seen within these grafts, and only a few insulin-positive cells were observed. The mixed islet grafts (groups F, G, and H) were composed ofscattered intact islets, in which no cellular infiltration could be seen, surrounded by a large number of mononuclear cells, which covered the remaining parts of the graft (Fig.  1 a-c) . Insulin staining revealed a large number of insulinpositive cells within the intact islets, but only few in the regions containing mononuclear cells. Grafts obtained 6 wk aftertransplantation containing syngeneic islets, either alone (group A) or mixed with allogeneic or xenogeneic islets (groups F, G, and H) consisted of intact islet tissue, which stained intensely for insulin. The mixed islet grafts also contained clusters ofmononuclear cells in the region between the basal part of the islet graft and the kidney parenchyma (Fig. 1 d) . Fibrous scar tissue with no vestiges of endocrine cells was observed in grafts removed from animals transplanted with only allogeneic or concordant/discordant xenogeneic islets (group B, C, and D).
Insulin and DNA content ofthe islet graft (Figs. 2 and 3 ). No significant differences in insulin contents of the islet grafts were observed between the syngeneic islet grafts in group A and the mixed islets grafts in groups F, G, and H. Transplants removed from animals implanted either with ICC, BKs, or rat islets alone (groups B, C, and D) contained only minute amounts of insulin, which were close to the detection limit of the radioimmunoassay. Fetal porcine ICC transplanted to nude B6 mice (group E) had an insulin content that was two to three times that measured in group A. The DNA content of the BKs islet grafts (group B) and in the mixed islet grafts (groups G, H, and F) was significantly increased when compared with group A. Also, the ICC transplanted to nude B6 mice (group E) had an increased DNA content, while pure xenogeneic grafts contained similar amounts of DNA as group A. transplantation. There was no morphological evidence of a <-a1t 0000~n nonspecific destruction ofsyngeneic islets, despite the presence Z 8000 -of a marked mononuclear cell infiltration in their close vicin-60 ity. Similar (7, 8) . While allogeneic MHC for five to six animals. ***P < 0.001 vs group A.
antigens can be recognized directly by the T lymphocytes ( 1 ), the recognition of xenogeneic MHC antigens seems to require that peptides of the xenogeneic MHC are presented in associaPerfusion experiments (Figs. 4 and 5 ). 2 wk after transtion with the MHC complex of the responding species (7). plantation, a pronounced first peak of insulin release in re- This notion is further supported by the identification ofspecific sponse to a glucose stimulus was observed from the syngeneic oligopeptides ofxenogeneic MHC class I antigen in association grafts in group A. This was followed by a slightly smaller secwith recipient MHC molecules (21, 22) . However, this comond phase of insulin release, which promptly returned to basal bined antigen (xenopeptide and recipient MHC) is not present levels when the glucose stimulus was removed (Fig. 4 a) . The on the parenchymal xenogeneic cells. Thus, the intense monototal amount ofsecreted insulin was similar during the first and nuclear cell infiltrate among the xenogeneic islets is likely to second phases of insulin release (Fig. 4 b) . Perfusion curves represent a cytotoxic T lymphocyte-independent mechanism. almost identical to those of group A were obtained from aniCytokines, especially IL-1, are known to impair if cell funcmals implanted with a combination of syngeneic and alloge-tion in vitro (9) . It should be noted in this context that the neic islets (group F, Fig. 4 a) . There was, however, a marked effects of IL-I on islet function are dose dependent, and the decrease in both the first and second phases ofinsulin release in glucose-stimulated insulin release is the first ,3 cell-specific groups G and H (Fig. 4, a and b , mixed syngeneic and xenogenfunction to be adversely affected already by low IL-1 conceneic islets).
trations in vitro (23) . IL-1 is released from activated macro-
The first phase insulin release from syngeneic grafts 6 wk phages, and one of its functions is to activate T lymphocytes after transplantation (group A) was similar to that observed in that have bound to the antigen-MHC complex on an antigenanimals perfused 2 wk after implantation, but the magnitude of presenting cell (3). The release of cytokines within a rejecting the second phase had increased almost 100% (Fig. 5, a and b) . allograft was recently investigated in kidneys (24) and livers The insulin release from mixed grafts in groups F and G were (25) . Cytokines that are thought to contribute to nonspecific similar to that of group A (Fig. 5 b) . However, mixed synge-lymphoid infiltration, such as IL-1#, IL-6, and TNF-a, were neic-discordant xenogeneic grafts (group H) had a normal first regularly observed in the implants. In most rejecting kidney phase insulin release, but a markedly reduced second phase allografts, mRNA for both IL-2R, IL-4, and IL-S were present, insulin release (Fig. 5, a and b) .
implying that these cytokines play an important role in ongoIn all perfusion experiments insulin release returned to ba-ing allograft rejections, whereas mRNA for IL-2, IL-7, and sal values, which were close to or below the detection limit of IFN-,g were detected only rarely. However, a transient expresthe radioimmunoassay for insulin, whenever the medium glucose concentration was lowered to 2.8 mM.
Discussion
In normoglycemic animals, there is a close and highly significant correlation between pancreatic insulin content and i3 cell volume (20) , and it is likely that this is the case also for transplanted islets of Langerhans ( 11). In the present study, transplants removed from mice implanted with only porcine ICC, rat, or BKs islets contained only minute amounts of insulin, whereas no differences in insulin content could be observed between the mixed islet grafts and the pure syngeneic islet grafts 6 wk after transplantation. These findings suggest that the syngeneic islets remain intact, and that the mechanism of both allograft and xenograft rejection is highly specific. Furthermore, the rejection process seems to be completed 6 wk after sion ofIL-2 and IFN-M seems to precede the cellular infiltration in both kidney (26) and islet (27) allograft rejection. Furthermore, a local release of IFN-A and probably also TNF-a may be of importance to increase the intrinsically low MHC antigen expression on islet tissue, thereby rendering islet cells more vulnerable to CD8 + T lymphocytes (28) . Based on this, it can be assumed that a large number of cytokines were locally produced within the allograft also in this model of mixed islet grafts, although no actual measurements of these substances were performed in the present study. Thus, although the syngeneic mouse islets within the grafts are unlikely to be a primary target for the immunological at- tack, they may nevertheless be exposed to cytokines; e.g., IL-I released during the allograft rejection in their close vicinity. However, no adverse effects on the syngeneic islets could be detected. The insulin secretion from the mixed syngeneic-allogeneic grafts during the morphologically very intense allograft rejection (2 wk after implantation) or after the completed rejection process (6 wk after implantation) was not different when compared with the grafts consisting only of syngeneic mouse islet. In contrast, a pronounced impairment ofboth the first and second phases of insulin release was observed 2 wk after implantation in grafts composed ofmixed syngeneic-xenogeneic islets. When the mixed islet grafts were the completed rejection of the concordant xenogeneic rat islets (6 wk after implantation), the insulin release from the remaining syngeneic mouse islets were identical to that of the control grafts in group A. However, syngeneic mouse islets exposed to the rejection mechanism of the discordant xenogenic pig ICC were unable to achieve a complete functional recovery. This was demonstrated by a markedly impaired second-phase insulin release, despite a total graft insulin content that was similar to that of the syngeneic islet graft in group A. If it is assumed that this functional impairment is exerted by IL-1, the present experimental results give support to the concept of a central role of macrophages (i.e., the major producer of IL-1) in the xenograft rejection. This notion is further strengthened by an immunohistological study of the xenograft rejection after transplantation of fetal pig proislets to CBA/H mice (5) . The intense cellular infiltrate consisted predominantly of eosinophils, macrophages, and CD4+ T lymphocytes, with only small numbers of CD8 + T cells being present. Likewise, the absence ofa detrimental effect on the syngeneic islets, when mixed with allogeneic islets, is in accordance with previous immunohistological characterization of the cellular infiltrate in classic allograft rejections, which consist mainly of Thy-1+, CD4+, CD8+, and IL2-R+ T cells with a relative paucity of macrophages (29) . It should also be noted that during a number of clinical and experimental conditions, there is evidence that macrophages or products released from these cells are associated with j3 cell dysfunction. First, in vitro coculture ofmacrophages and mouse pancreatic islets resulted in inhibition of a cell function and cell death (30) . It was subsequently shown that IL-1 (31) or nitric oxide (32) released from the macrophages could be associated with this dysfunction. Furthermore, a functional impairment of the fl cell responsiveness to a glucose stimulus has been demonstrated in early stages of type 1 diabetes mellitus in humans (33) , as well as in the two most studied experimental models of autoimmune diabetes mellitus, namely BB rats (34) and NOD mice (35) . In the development of autoimmune diabetes mellitus there is initially an intense infiltration of mononuclear cells within the islets of Langerhans, one of the first to appear being the macrophage (36) (37) (38) . Interestingly, it was recently demonstrated that islet allograft primary nonfunction depends on the presence ofmacrophages or macrophage products that inhibit islet function until an ultimate destruction by CD4+ and CD8 + T cells in a classic allograft rejection that takes place (29) . The permanently (6 wk) impaired insulin release from the remaining syngeneic mouse islets, when mixed with discordant xenogeneic porcine ICC, but not when mixed with concordant xenogeneic rat islets, suggests that xenogeneic rejection mecha-.; nisms depend also on the phylogenetic disparity between the donor and recipient species. The underlying mechanisms are unknown, but it may be speculated that the xenograft rejection between closely related species share some of its features with that of an allograft rejection (6) .
